A B S T R A C T Wildfires are weakly ionized gas. The ionization is mainly due to plant's inorganic ash content species (more especially potassium), that are emitted from thermally decomposing plant structure into the flame during combustion. The amount of ionization in flames with potassium impurities is influenced by both the temperature and the amount potassium impurities in the flame. A numerical experiment was conducted using a local thermal equilibrium-based model to study the influence of inorganic wildfire contents on wildfire electrical conductivity. Simulated very high intensity wildfires (21-90 MWm −1 ) were used to quantify steady-state electrical conductivity. Its variation with wildfire plume height is important for high voltage power flashover research. In the simulation, vegetation potassium content was varied from 0.50% to 3.0% on dry weight basis, a reflection of its content in natural vegetation. The model predicted a maximum conductivity of 0.053 mhom −1 in 90 MWm −1 crown fire in vegetation with 3.0% potassium content. A 90 MWm −1 crown fire in vegetation with potassium content of 0.5% was predicted to produce a maximum conductivity of 0.022 mhom −1 . Electrical conductivities were lower for a shrub fire with an intensity of 21 MWm −1 . The model predicted conductivities of 0.0021 and 0.0009 mhom −1 for potassium content of 3.0 and 0.5% in vegetation, respectively.
Introduction
The organic structure of plants is mainly composed of three interconnected biopolymers: cellulose; hemicellullose and lignin. The composition of the polymers in a plant is in the approximate ratio of 2:1:1 (Krishna et al., 1985) . These polymeric compounds account for over 90% of the plant's dry weight. The rest of the constituents are fillers. Fillers are a mixture of several low molecular weight organic compounds (extractives), water and inorganic elements, for example, alkali and alkaline earth metal species.
Alkali and alkaline earth metal species form a large fraction of inorganic ash in plants, e.g. vegetation contain up to 3.4% potassium on dry weight basis (Radojevic, 2003) . The species can exist; ionically or organically attached to oxygen-containing functional groups (i.e. O-C-) of the organic structure of plants, as discrete particles in voids of the organic matrix and in solution form such as in xylem vessels. During a wildfire, the metal species are released from a thermally crumbling plant structure and convectively drawn into the combustion zone of the fire. Potassium species are a large fraction of inorganic emissions during vegetation combustion (Westberg et al., 2003) .
Wildfire combustion zone is characterized by high enough temperatures to cause thermal dissociation of potassium species. Potassium species have low dissociation energies (e.g. 3.79eV for K 2 CO 3 ). From studies of nutrient cycling, up to 28% of inherent potassium in plants is volatilized at combustion efficient of 98% (Raison et al., 1985) . Vodacek et al. (2002) also estimate that 10-20% of potassium in vegetation is ionized in wildfires. This makes wildfires a weakly ionized environment.
Occurrence of wildfires under transmission lines has caused a great number of power outages in many countries (Fonseca et al., 1990) . In South African high voltage network, wildfires are responsible for almost 15% annual power outages (Bekker and Hoch, 2002) . The faults associated with wildfires are mainly conductor-to-ground short-circuiting where conductive wildfires provide a current path to the ground. The objective of the numerical experiment is to estimate electrical conductivity of very high intensity wildfire plumes when potassium is assumed to the main source of thermal ions in the flames.
Ionization in wildfires

Thermal ionization
Wildfires are exothermic oxidation reaction in nature, fierce temperatures in the range up to 2000
• C (Viegas, 1998) are produced in its reaction zone. The very hot environment thermally excites flame particles, and the particles are consequently thermally ionized to produce electrons and ions on selective basis determined by temperature and ionization potential. Thermal ionization of flame species [S(g)] occurs by the following process:
Species that could appreciably undergo thermal ionization in a wildfire environment are alkali and alkaline earth metals (e.g. K, Na and Ca) and graphitic carbon (C n ). In essence a wildfire could be considered an impure hydrocarbon diffusion flame seeded with alkalis and alkaline earth metals. Since the element potassium and graphitic carbon exist in significant amount in wildfire flame and have low ionization potential and work function of 4.34 and 4.35 eV, respectively, the numerical simulation assumes that thermal ionization in the fires is predominately due to the species. Assuming local thermal equilibrium conditions, the ionization equilibrium constant (K I ) is given by the relation:
where k, T, E i and m e are Boltzmann's constant, absolute temperature, ionization potential and mass of electron, respectively. Electron density (N e ) due to thermal ionization of K atoms is related the ionization equilibrium constant and the total number of ionized K particles (N p ) in the flames as (Frost, 1961) :
The total number of ionized K particles (N p ) is related to the potassium atoms in the flame by the equation (Frost, 1961) ;
where η is the number density of K atoms in a wildfire. Sturgeon et al. (1980) give the electron density (n ec ) due to thermionic emission from graphitic carbon as:
where ϕ c is the graphite work function which is taken to be 4.35 eV
Chemi-ionization
Chemi-ionization is another possible mechanism by which significant ionization may occur in wildfire (Latham, 1999) . In the process, dissociation reactions provide part of the energy required for ionization since there are exothermic and the rest is from the flame. Alkaline earth metal oxide and carbonates during combustion could react with one of the main by-products; carbon monoxide (CO), to produce electrons and carbon dioxide (CO 2 ) (see Alkemade, 1979 ). An example of the dissociation reaction could be when calcium oxide (CaO) reacts with CO. The reaction proceeds as:
During the plant matter combustion, freed potassium species thermally dissociate to atoms. However not all thermally ionize; some dissociated potassium atoms may also react in the following manner to give electrons to the hot gaseous medium:
Vegetation can contain up 1.1% chlorine on dry weight basis (Judd et al., 1996) . In plant matter, chlorine exists in soluble form mostly attached to alkali atoms, for example, as KCl (Jensen et al., 2000) . After thermal decomposition of the alkali chloride, chlorine ions in the flame may also contribute to the ionization by reacting with hydrogen atoms, also present in the flame, to give electrons according to the following equation:
Exited methyl radical CH * is a known contributor to ionization in the hydrocarbon flames, for example, in Sorokin et al. (2002) . CH radical reacts with oxygen atoms in the flame to produce CHO + , a primary ion in hydrocarbon flames (Butler and Hayhurst, 1998) and electrons according to the following reaction equation:
Most of the carbon atoms that exit in flames are in a coagulated form called soot. Soot is submicroscopic in size and has graphite structure (infinite large aggregate of carbon atoms) although smaller than the latter. The electrochemical characteristics of soot are different from both carbon and graphite. Ionization potential (φ ip ) increases from graphite (φ w = 4.35eV) to carbon (φ ip = 11.26eV), thus φ ip decreases from a small to large carbon structure. Structurally, soot lies between carbon and graphite polymer, therefore it is reasonable to suggest that its φ w should be between 4.35 and 11.26 eV. φ w for soot has been experimentally determined to be 8.5 eV (Shuler and Weber, 1954) . With φ w almost twice that of potassium, the presence of potassium in flames is then the most effective source of thermal ionization in wildfires.
For chemi-ionization reactions mentioned above, temperature and concentration of species hinder their contribution to ionization. For example, in eq. (8), the concentration Cl − in the flames may be decreased by the availability alkali metal cations such as Ca 2+ and K + that form metal chlorides with chloride ions.
Oxygen (O 2 ) has high dissociation energy (5.5 eV), therefore the availability of O atoms in eqs (7) and (9) is temperature and species concentration dependent
Wildfire plume electrical conductivity
Conductivity of an unmagnitized ionized gas subjected to alternating electric field is given by Schneider and Hofmann (1959) as:
where m e , u, and e are electron mass, velocity and charge and f o , ϕ eff and ω are electron distribution function, effective collision frequency and propagation cyclic frequency, respectively. Effective collision frequency is a function of energy of the electrons (ε) and is expressed by Sakao and Sato (1969) as:
where n i and Q i (ε) are number density and electron-neutral momentum transfer collision cross section of component flame gases. Flame components used in the calculation of effective collision frequency of the alkali seeded fire are those given by Frost (1961) .ῡ = (8kT /m e π) 1/2 is the mean electron velocity. K is Boltzmann constant. The electron -neutral collision crosssection in flames is inversely proportional to mean electron velocity, consequently collision frequency is constant (Schneider and Hofmann, 1959) . This simplifies the expression for electronic conductivity to;
Temperatures of forest fires seldom exceed 1500
• C, therefore free electrons in the flames can be assumed to be in thermal equilibrium with neutral gases therefore the electron velocity distribution is Maxwellian (e.g. in Schneider and Hofmann, 1959) . Maxwellian velocity distribution for electrons is given as:
and if one lets α be ( 
which could be rewritten as:
An example for typical wildfire conductivity would be when one considers x-band microwaves (freq = 5 GHz, ω = 3.142 × 10 10 rads −1 ) illuminating a wildfire with an average electron density (N) = 1 × 10 16 m −3 . Momentum transfer electron-neutral particle collision frequency (ϕ eff ) of the flame gases is around 1 × 10 11 s −1 . Electrical conductivity as calculated from eq. (16) is complex and its value is 0.0026 + 0.0008i. At low electromagnetic wave propagation frequencies (ω), eq. (16) reduces to:
If frequencies as low as 50 Hz are considered, eq. (16) gives 0.0028 + 0.000i as electric conductivity of the fire, which is the same value given by eq. (17). Thus, conductivity has no imaginary part.
Wildfire plume model
Structure of a forest fire plume
Three regions in a wildfire plume are dynamically and physically distinct. The distinction lies in how temperature, plume velocity and implicitly electronic conductivity vary in space within these regions. The regions are the: continuous and intermittent flames and thermal plume and are as shown in Figure 1 . The continuous flame is the lower part of the plume close to the vegetation zone where maximum plume temperature occurs. Intermittent flame region lies just above the continuous flame region. Balls of flame can be observed to come away from the source in the region. Rapid cooling of the plume occurs in the thermal plume region or smoke column. The cooling is attributed to the mixing of emission with entrained ambient air. There is an immense literature on the behaviour of these regions more especially the continuous flame and the smoke column regions (e.g. in Porterie 
where K, Z d, Z p are empirical constant, constant related to fuel height, constant related to flame height, respectively and
Maximum temperature in both the vertical and horizontal sense occurs at about the seat of the wildfire. Visible flaming edges are at lower temperature of about 600 K (Cruz et al., 2006) than at the combustion zone, which can be up to 1330
• C (Butler et al., 2004) . This produces temperature gradients between the edges and fire centre. The temperature gradient causes a flow of ambient air into the flame, a process that lowers the adiabatic flame temperature (1900 • C) by turbulent mixing to about a 1300
• C.
Numerical experiment
Very high intensity forest fires
The numerical experiment focuses on very intensity forest fires which are a common occurrence in Canada's boreal forests, Mediterranean regions of Spain and Australian deciduous forests during winter. The intensity of the forest fires could reach a peak intensity of 100 MWm −1 (Williams et al., 2003) . Potassium and other omnipresent nutrient such as phosphorus and nitrogen are volatized from the combusting vegetation into the fire plumes. The numerical experiment simulate two very high intensity forest fires in olive tree (Olea europaes) shrub and jack pine crown fires (Pinus banksiana, Lamb). The behaviour of jack pine crown fires is given in Table 1 and Figure 2 (de Groot et al., 2004) . Temperature above the jack pine canopy is considered to decreases exponentially to about a 1000 K at about 21 m above ground, that is, at B (Fig. 2) . This is at the intermittent flame zone of the plume. It then decreases gradually to the ambient at high attitude.
The maximum temperature of 1330
• C for the simulated crown fire is at A. The height of the flame (Lf) above the crown canopy is calculated from the relation given by Butler et al. (2004) as: Figure 3 show the behaviour of a shrub fire in olive tree forest (Santoni et al., 2006) . Temperature above the shrub canopy also decreases exponentially to an intermittent flaming zone which is about 7.5 m above the ground level. The maximum temperature of 1060
• C occurs at about a meter below the shrub canopy (A) Flame length from the ground level has been determined from the equation for fire line intensity which is given by Santoni et al. (2006) as: 
Results and discussions
Electron density and conductivity in the fire
6.1.1. Jack pine crown fire. Assuming local thermodynamic equilibrium in flame, thus using eq. (3), electron density has been observed to decrease rapidly with height. The electron concentration in the fire has observed to be a fraction of both temperature and the amount of potassium in vegetation. At the crown canopy of vegetation which contains average of 3.0% potassium in its dry mass, the average centreline electron density was 3.5 × 10 17 m −3 . At the tip of the flame the electron density was simulated to be 5.7 × 10 13 m −3 (Fig. 4) . The density decreased gradually to negligible quantities when compared to those of the canopy in the thermal plume at high altitudes. Centreline electron density of jack pine vegetation which contained 0.5% potassium decreased from 1.41 × 10 17 to 2.33 × 10 13 m −3 at the flame (Fig. 4) . The electron density continued to decrease steadily to a value 4.33 × 10 12 at 22 m above ground. Momentum transfer effective collision frequency for the very high intensity crown and shrub fires were calculated from eq. (11) with the collision cross section obtained from Itakawa (1973) . The observed collision frequencies for both the crown and shrub fires ranged from 1.8 to 2.6 × 10 11 s −1 (see Fig. 5 ).
Conductivity as calculated from eq. (17) followed a similar trend to that of variation of electron density with plume height. For vegetation which contained 3.0% potassium, centreline steady-state conductivity decreased from 0.053 mhom −1 at the canopy to 9.0 × 10 −6 mhom −1 at the flame tip. It also decreased gradually thereafter. Conductivity for the flame from vegetation which contained 0.5% potassium decreased slower than for the flame from vegetation which contained 3.0% potassium. It decreased from 0.022 mhom −1 at the canopy to 4.0 × 10 −6 mhom −1 at the flame tip (Fig. 6 ).
Olive tree shrub fire.
For the shrub fire, plume electron density has also been observed to decrease rapidly with height. Potassium content and flame temperature played a significant role in the quantity of electrons in the flame. At the shrub canopy of vegetation which contains average of 3.0% potassium in its dry mass, the average centreline electron density was 1.54 × 10 16 m −3 . At the tip of the flame the electron density was simulated to be 1.38 × 10 13 m −3 (Fig. 7) . The density decreased gradually to negligible quantities when compared to those of the canopy in the thermal plume. Centreline electron density of jack pine vegetation which contained 0.5% potassium decreased from 6.30 × 10 15 to 5.64 × 10 12 m −3 at the flame (Fig. 7) . The electron density continued to decrease steadily to a value 4.76 × 10 7 at 14 m above ground. Conductivity in the shrub fire decreased rapidly with the increase in plume height. The model predicted a decrease in centreline steady-state conductivity from 0.0021 mhom −1 at the shrub canopy to 3.0 × 10 −6 mhom −1 at the flame tip for vegetation which contained 3.0% potassium (Fig. 8) . Electrical conductivity of a flame olive shrub which contained 0.5% potassium decreased from 0.0009 mhom −1 at the canopy to 7.0 × 10 −7 mhom −1 at the flame tip (Fig. 8 ). Sukhnandan and Hoch (2002) have investigated the effect of wildfire flame tip conductivity on the electric field strength be- 
Conclusions
Very high intensity wildfires (21-90 MWm −1 ) with temperatures in the range of 1300-1600 K produced equilibrium centreline electron density in the range of 1.5 × 10 16 -3.5 × 10 17 m −3 , respectively for vegetation which contained potassium content of 3.0%. The electron density values were lower for vegetation which contained 0.5% potassium. The model predicted electron densities in the range of 6.3 × 10 15 -1.4 × 10 17 m −3 .
Assuming local thermal equilibrium, the variation of steadystate conductivity for very high intensity forest fires with plume height was simulated. The results show that electrical conductivity of the fires is very much influenced by fire intensity and the amount of alkali in the flame. Very high intensity fires burning in vegetation with average 0.5% potassium could have electrical conductivities ranging up to 0.022 mhom −1 . Higher potassium content of 3.0% in vegetation could raise maximum electrical conductivity of the high intensity flames to 0.053 mhom −1 .
The ability of wildfire plumes to conduct electricity makes it potentially dangerous to fire-fighters when they occur under high voltage power lines. This could lead electrocution. Wildfire plumes provide a leakage path for current from the high voltage conductors to ground causing power outage. This work may find applications in fire management safety and power failure management for national high voltage transmission grids.
